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HoloprosencephalyIn human holoprosencephaly (HPE), the forebrain does not separate fully into two hemispheres. Further, the
border between the telencephalon and diencephalon, the telencephalic/diencephalic junction (TDJ), is often
indistinct, and the ventricular system can be blocked at the third ventricle, creating a forebrain ‘holosphere’.
Mice deﬁcient in Sonic Hedgehog (Shh) have previously been described to show HPE and associated cyclopia.
Here we report that the third ventricle is blocked in Shh null mutants, similar to human HPE, and that character-
istic telencephalic and diencephalic signaling centers, the cortical hem and zona limitans intrathalamica (ZLI),
are merged, obliterating the TDJ. The resulting forebrain holosphere comprises Foxg1-positive telencephalic-
and Foxg1-negative diencephalic territories. Loss of one functional copy of Gli3 in Shh nulls rescues ventricular
collapse and substantially restores the TDJ. Characteristic regional gene expression patterns are rescued on the
telencephalic side of the TDJ but not in the diencephalon.
Further analysis of compound Shh;Gli3mutants revealed an unexpected type of signaling center deregulation. In
Shh;Gli3mutants, adjacent rings of Fgf8 andWnt3a expression are induced in the diencephalon at the ZLI, rem-
iniscent of the Fgf8/Wnt1-expressing isthmic organizer. Neither Shh nor Gli3 single mutants show this forebrain
double ring of Fgf/Wnt expression; thus both Shh and Gli3 are independently required to suppress it. Adjacent
tissue is not respeciﬁed to a midbrain/hindbrain fate, but shows overgrowth, consistent with ectopic mitogen
expression.
Our observations indicate that the separation of the telencephalon and diencephalon depends on interactions
between Shh and Gli3, and, moreover, demonstrate that both Shh and Gli3 suppress a potential Fgf/Wnt signal-
ing source in the forebrain. That optional signaling centers are actively repressed in normal development is a
striking new insight into the processes of vertebrate brain development.le School of Medicine, P.O. Box
611.
rights reserved.© 2011 Elsevier Inc. All rights reserved.Introduction
Hallmark features of human holoprosencephaly (HPE) include a
loss of forebrain midline structures (Fernandes and Hebert, 2008;
Hayhurst and McConnell, 2003; Kinsman et al., 2000; Muenke and
Beachy, 2000; Takahashi et al., 2004). Most commonly the neocortex
is conjoined to some degree, and deep gray nuclear defects affecting
the striatum and thalamus are often observed (Hahn et al., 2006;
Hayashi et al., 2004; Oba and Barkovich, 1995; Simon et al., 2000;
Takahashi et al., 2004). For clinical purposes, the degree of cortical
non-separation has been used to classify HPE into the DeMeyer sub-
types: lobar, semilobar, or alobar (DeMyer, 1977).
Analyses of the HPE spectrum revealed that in many of the more se-
vere cases, loss of the telencephalic–diencephalic junction (TDJ) andphysical obstruction of the diencephalic ventricle occurs (Fernandes
and Hebert, 2008; Simon et al., 2001; Takahashi et al., 2004; Yokota
et al., 1998). A striatothalamic eminence, comprising remnants of the
rostrocaudally-conjoined telencephalon and diencephalon, has also
been reported (Fertuzinhos et al., 2009). However the mechanisms un-
derlying these deep gray nuclear defects are unknown, as is their con-
nection with the more widely studied cortical phenotype.
It remains unclear which HPE defects arise due to problems in ini-
tial patterning and neural tube development or subsequent degenera-
tive processes, however progress has been made recently in the Shh
null mouse (for review see Fernandes and Hebert, 2008). In Shh null
embryos, both the telencephalon and diencephalon are reduced in
size and the rostral cortical primordium is continuous at the midline.
However the dorsal telencephalic midline initially forms, including a
robust cortical hem signaling center, a small choroid plexus, and a sub-
stantial interhemispheric ﬁssure (Fernandes et al., 2007; Rash and
Grove, 2007). Together these cortical defects qualify the Shh mouse
mutant as a model of semilobar HPE. Indeed, mutations in human
SHH have been associated in several studies with some forms of
familial HPE (Muenke and Beachy, 2000). Since no human patients
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death, the Shh nullmousemay represent an endpoint in the severity of
the Shh-related HPE spectrum. The high variance in severity in human
cases may be due to additional mutations or degenerative processes
that are at present not understood (Fernandes and Hebert, 2008;
Muenke and Beachy, 2000).
In the telencephalon, the dorsal midline secretes Bmp and Wnt
proteins, the rostral telencephalic midline acts as a major source of
Fgf8, 17, 18, and the ventral telencephalon secretes Shh, Fgf3, and
Fgf15 (Furuta et al., 1997; Grove et al., 1998; Hebert et al., 2002;
Kiecker and Lumsden, 2005; Ohkubo et al., 2002; Rash and Grove,
2007; Shimamura and Rubenstein, 1997; Shimogori et al., 2004; for
review, see Hébert and Fishell, 2008). These signaling centers com-
municate extensively with one another, coordinately patterning
the telencephalon (Crossley et al., 2001; Furuta et al., 1997; Grove
et al., 1998; Hebert et al., 2002; Ohkubo et al., 2002; Shimamura
and Rubenstein, 1997; Shimogori et al., 2004; Storm et al., 2006;
Theil et al., 1999), and defects in signaling center production and/
or interaction may be a root cause of HPE (Cheng et al., 2006;
Fernandes et al., 2007; Monuki, 2007; Rash and Grove, 2007). Thus,
in the Shh null, loss of both Shh and Fgf signaling leads to a failure
of hemisphere separation at both the rostral and ventral midlines.
Notably, removing a copy of Gli3, encoding a transcription factor
downstream of Shh, partially rescues the telencephalic phenotype
in Shh nulls in part by restoring Fgf expression (Rallu et al., 2002;
Rash and Grove, 2007).
The developmental role of Shh in the mouse diencephalon is less
well characterized than in other parts of the brain because of excep-
tionally severe diencephalic growth retardation in Shh mutant mice
(Ishibashi and McMahon, 2002). Initially, at embryonic day (E) 8.5,
dorsal structures of the diencephalon appear relatively normal in
size in Shh mutants compared with control mice, but by E9.5 the
Shh mutant diencephalon is much smaller (Ishibashi and McMahon,
2002). These data indicate generally normal patterning and growth
of the dorsal brain in Shh mutants until just after neural tube closure
when growth in the diencephalon is dramatically reduced by de-
creased proliferation and increased cell death. The latter are likely
to be mediated by the disruption of dorsal Wnt, BMP and FGF signal-
ing caused by loss of ventral Shh and increased levels of Gli3 repres-
sor function (Ishibashi and McMahon, 2002; Litingtung and Chiang,
2000; Ulloa et al., 2007).
Shh is normally secreted from two sources in the diencephalon, the
ﬂoor plate and the zona limitans intrathalamica (ZLI) (Echelard et al.,
1993). The dorsal extension of Shh expression that ﬁlls the ZLI develops
by E10.5, and loss of Shh protein secreted from the ZLI is likely to con-
tribute signiﬁcantly to the continued reduction of diencephalic growth
(Chiang et al., 1996; Ishibashi and McMahon, 2002). Like the mid-
brain–hindbrain boundary, the ZLI acts as an important rostrocaudal
signaling center that patterns the dorsal thalamus and prethalamus
through interaction with other signaling molecules, including Wnt8b,
Wnt3a, Fgf8, and Fgf15 (Kiecker and Lumsden, 2004, 2005; Scholpp
et al., 2006). Consequently, in the Shh null diencephalon, gene expres-
sion of the transcription factors Gbx2 and Dlx2, marking the thalamus
and prethalamus respectively, does not appear.
Due to the difﬁculties presented by such a severe growth phenotype,
further analysis of the Shh null diencephalon has been hindered. We
reasoned that Shh;Gli3 compoundmutantswith a partially rescued phe-
notype could be useful in investigating the diencephalic role of Shh, and
in characterizing the genetic relationship between Shh and Gli3 in the
diencephalon.We found that comparing single and compoundmutants
revealed roles for Shh and Gli3 mutations in generating defects similar
to the conjoined thalamic nuclei, impairment of the TDJ, and occlusion
of the third ventricle observed in humans. In the process, we uncovered
an unexpected, covert signaling source, with the potential to perturb
normal diencephalic development, which is suppressed by the com-
bined function of Shh and Gli3.Materials and methods
Mouse lines
Animal protocols were approved by the University of Chicago's
IACUC, and mice were utilized according to National Institutes of
Health guidelines. Noon of the day of vaginal plug detection was des-
ignated embryonic day (E) 0.5.
Shh mutant mice (gift of P. Beachy) were obtained in a mixed
C57BL6/129 background utilized in the initial analysis of this mutant
(Chiang et al., 1996) (C. Chiang, personal communication). A back-
ground strain characterization by Charles River Laboratories conﬁrmed
the mixed background. To decrease variability, and potentially reduce
exencephaly in Shh/Gli3 compound mutants (see below), we increased
the contribution of the C57BL/6 strain over 5 generations of further
crossbreeding. All Shh nulls from each generation showed similar
gross abnormalities, including cyclopia, a facial proboscis, reduction of
limb and tail bud and loss of digits. Features of forebrain development,
described here, were qualitatively indistinguishable across generations.
Shh−/− embryos of a given age were therefore pooled for analysis. No
Shh−/−mice were excluded.
Inmicewith a greater contribution of the C57Bl6 strain we found no
evidence of reduction in the deﬁcits caused by deletion of Shh. Indeed,
older Shh−/− embryos were recovered at lower rates than previously
(Chiang et al., 1996) suggesting greater earlier lethality. Between E9.5
and 12.5, however, Shh mutants were recovered at Mendelian ratios
(at E10.5, 51 Shh+/+, 87 Shh+/−, and 51 Shh−/−).
Available evidence indicates that the extra-toesJ (XtJ) mutation is a
loss-of-function mutation in the Gli transcription factor gene, Gli3
(Buscher et al., 1998). Gli3XtJ/XtJ embryos can have a high incidence
of midbrain exencephaly, with gross morphological changes that con-
found forebrain analysis. As in previous studies (Kuschel et al., 2003;
Rallu et al., 2002; Rash and Grove, 2007; Theil, 2005; Theil et al., 1999;
Tole et al., 2000), we restricted forebrain analysis to non-exencephalic
Gli3XtJ/XtJ embryos. To reduce the incidence of exencephaly, Gli3XtJ
mice were maintained on a C57Bl6 background (gift of Y. Furuta);
thus, we discarded only 1/34 Gli3XtJ/XtJ E10.5 embryos.
Mice heterozygous for both the Gli3XtJ and Shh mutations were
intercrossed to obtain Shh;Gli3XtJ compound mutants. At E10.5, 194
embryos were recovered. Of 43 Shh−/−;Gli3+/XtJ mice, only 2 were
exencephalic; by contrast, 12/16 Shh−/−;Gli3XtJ/XtJ mutants were
exencephalic. PCR genotyping for Shh and Gli3XtJ mice was performed
as described (Chiang et al., 1996; Maynard et al., 2002).
Ventricular analysis
E9.5 and E10.5 embryos were harvested and immediately placed
into PBS for dye injection. A small window was cut in the wall of
the mesencephalon to allow dye to ﬂow freely through the ventricu-
lar system. Injections utilized a pulled glass capillary with an approx-
imate 30 μm interior tip diameter ﬁlled with a 0.02% solution of fast
green in DEPC-PBS attached to a mouth pipette. Dye solution was
injected into the right telencephalic hemisphere and pressure was
sustained for at least 10 s to ﬁll the ventricular system. Unﬁxed em-
bryos were used to eliminate the possibility of ventricular deformity
due to tissue shrinkage during ﬁxation.
In situ hybridization, tissue processing and imaging
Embryos were ﬁxed in 4% paraformaldehyde/PBS and processed for
whole mount or section in situ hybridization as described previously
(Grove et al., 1998). Brains were sectioned with a Leica EM200R sledge
microtome. Processed tissuewas photographed using a Leica dissecting
microscope for whole mount embryos, or a Zeiss Axioskop for sections.
Images were obtained with a Zeiss Axiovision camera and software,
with image processing using Adobe Photoshop.
Fig. 1. Blockage of the third ventricle is a feature of HPE in Shh null embryos and is res-
cued by removing one functional copy of Gli3. The telencephalic vesicle (tel) in E10.5
embryos was injected with a solution of fast green to ﬁll the ventricular system, with
a hole cut in the mesencephalon to allow the dye to exit. The lateral ventricles and
third ventricle are ﬁlled with dye in a wildtype embryo (A). Ventricular ﬂow is blocked
at the level of the third ventricle in a Shh null embryo, so that the forebrain ventricular
system forms a sealed monoventricle (B). In contrast, ventricular system continuity is
restored in a Shh−/−;Gli3+/XtJ embryo (C), although the diencephalic ventricle (di) is
reduced in size compared with wildtype. Scale bar is 700 μm.
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Brainswere dissected andﬁxed by immersion in 4% PFAovernight. A
solution of 10% DiI (Molecular Probes D-282) in 100% dimethyl form-
amidewas injected via a pulled glass capillary attached to a picospritzer
into the cerebral cortex to label corticofugal projections. Injected brains
were incubated at 37 °C in the dark for 2–3 weeks before sectioning at
50 μm on a Leica VT1000S vibrating microtome.Fig. 2. SeparateWnt gene expression domains in the cortical hem and diencephalon are merg
E10.5 control (A, E), Shh null (B, F), and Shh−/−;Gli3+/XtJ (C, D, G, H) embryos. Forebrains in
embryos in (C, G), rostral is to the left. (I–L) Schematics of Wnt3a expression in all three ge
Wnt8b in the hem and ZLI are separated by the TDJ (white arrow) and rostral diencephalon (
Shh−/−;Gli3+/XtJ mutant, distinct expression domains of Wnt8b in the hem and diencephal
(arrowhead indicating the ZLI in C, D). (E–L) Wnt3a expression shows similar patterns (E–
phalic hem (blue arrowhead) is distinct fromWnt3a expression in the diencephalic roofplate
head). Schematic in (I) shows these domains in colors matching the arrowheads in (E). The l
null forebrain (F, J),Wnt3a expression in the hem (blue arrowhead in F, ﬁlled blue in J) merg
form a horseshoe shape (F). In a Shh−/−;Gli3+/XtJ mutant (G, H, K, L), separate telencepha
wildtype brains remain. The lateral diencephalic Wnt3a domains are conjoined across the
the roof plate Wnt3a domain expands ventrally, forming a dorsal crescent (green arrowhe
tel, telencephalon; tdj, telencephalic–diencephalic junction; di, diencephalon; mes, mesencResults
The third ventricle is closed and the forebrain is a holosphere in Shh nulls
To investigate ventricular development in Shh nulls and Shh−/−;
Gli3+/XtJ embryos, we injected fast green into the E9.5–E10.5 telence-
phalic lateral ventricles after cutting a hole in the wall of the mesen-
cephalon. In wildtype embryos the dye solution passed freely through
the third ventricle, ﬁlled the ventricular system, and exited the neural
tube (Fig. 1A). However, in Shh null embryos there was no ﬂuid ﬂow
from the forebrain to the mesencephalon at E9.5 (n=3/3) or E10.5
(n=6/6). Indicating total occlusion in the diencephalon, dye ﬁlled
only a monoventricle in the mutant forebrain (Fig. 1B). In Shh−/−;
Gli3+/XtJ embryos, the ventricular system was substantially rescued,
displaying a small diencephalic ventricle (nN6) (Fig. 1C).
As previously noted, in Shh null mice at E8.5, just before neural
tube closure, the dorsal diencephalon is normal in size (Ishibashi
and McMahon, 2002). Only one day later, just after neural tube clo-
sure, the diencephalon is greatly reduced compared with control
mice (Ishibashi and McMahon, 2002), suggesting that dramatic de-
fects in the Shh null diencephalon begin around the time the tube
forms. The closing of the neural tube in Shh mutants may therefore
never leave space for the third ventricle. Alternatively, the third ven-
tricle may be open immediately after the neural tube forms; if so, it is
patent for a very short time, becoming occluded by E9.5.
Indicating that boundary disruption between the telencephalon
and diencephalon is ongoing in the Shh mutant, we found thated in the Shhmutant. (A–H)Wholemount in situ hybridization forWnt8b andWnt3a in
(A–C, E–G) are shown in dorsal views, rostral is down; (D, H) are lateral views of the
notypes represent the data shown in (E–H). (A–D) In a wild type embryo, domains of
A). A Shh null mouse has a single horseshoe-shaped domain ofWnt8b (B), whereas in a
on are recovered (D, arrowheads); diencephalic Wnt8b expression remains expanded
H), schematized in (I–L). In a wildtype forebrain (E), Wnt3a expression in the telence-
(rp) (green arrowhead), and two lateral diencephalic expression domains (red arrow-
ateral diencephalic domains (red) lie just dorsal to the tips of the forked ZLI (I). In a Shh
es with expanded diencephalicWnt3a expression (red arrowhead in F, ﬁlled red in J) to
lic and diencephalic domains of Wnt3a expression are recovered, but differences from
ventral midline in a ventral crescent (red arrowheads in G, H, ﬁlled red in K, L), and
ad in H, ﬁlled green in K, L) nearly meeting the ventral crescent. Hem, cortical hem;
ephalon; zli, zona limitans intrathalamica. Scale bar is 540 μm.
Fig. 3. Molecular identiﬁcation of telencephalic and diencephalic components of the
holosphere. Dorsal views of E10.5 wildtype (A, D, G), Shh null (B, E, H), and Shh−/−;
Gli3+/XtJ (C, F, I) embryos processed for in situ hybridization for Foxg1, Emx1, and
Emx2. Rostral is down. (J–L, L′) Schematics of all three genotypes based on Emx1
gene expression data in (D–F), but indicative of expression patterns of both Emx
genes (D–I). Expression of both Foxg1 and Emx1 in the telencephalon is indicated by
brown in (J–L, L′); diencephalic expression of Emx1 is green. (A–C) Foxg1 is a marker
of telencephalic but not diencephalic tissue at E10.5 (A). In a Shh null mouse (B) and
a Shh−/−;Gli3+/XtJ mouse (C), Foxg1 is expressed appropriately in the telencephalon
and not the diencephalon (also see ﬁlled brown in J–L, L′). (D–I) In a wildtype embryo,
Emx1 and Emx2 are expressed in the telencephalon and discrete domains in the dien-
cephalon (D, G, green arrowheads; also ﬁlled green in J). In a Shhmutant, diencephalic
domains of Emx1 and Emx2 expression expand and merge with the telencephalic do-
main, so that the entire holosphere expresses Emx1 and Emx2 (E, H green arrowheads,
and ﬁlled green in K). In Shh−/−;Gli3+/XtJ mice, separate Emx gene expression domains
are partially restored, but Emx1 and Emx2 expression remains continuous across the
Foxg1-negative ventral diencephalic midline (F, I, green arrowheads, ﬁlled green in L,
L′). Tel, telencephalon; di, diencephalon; hem, cortical hem. Scale bar is 540 μm.
Fig. 4. Diencephalic Dlx2 and Gbx2 expression requires Shh function independent of Gli3.
Lateral views of E10.5 wildype (A, B), Shh null (C, D), or Shh−/−;Gli3+/XtJ (E, F), mutants
processed for in situ hybridization. In control embryos Dlx2 marks rostral (prethalamus)
regions of the diencephalon (white arrowheads) as well as domains in the ventral telen-
cephalon (black arrowheads) (A). In Shh null embryos, Dlx2 is absent from the dienceph-
alon and reduced in the telencephalon (C). In Shh−/−;Gli3+/XtJ mutants, Dlx2 expression
recovered in the telencephalon, but not in the diencephalon (E). Gbx2 expressionmarking
the thalamus (B; white arrowhead, inset is E11.5) is lost in Shh nulls (D) and not restored
in Shh−/−;Gli3+/XtJ mutants (F), even at E11.5 (inset in F). Scale bar is 1.2 mm (1.7 mm in
B, F insets).
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level of the ZLI; see below) later separated from the remainder of
the neural tube. By E17.5, no continuity of the neural tube could be
detected at this site by analysis of tissue sections, and indeed during
dissection, the forebrain became easily detached (nN8). Developing
meninges and Reelin-expressing cells marking the cortical marginal
zone were observed intervening at all points between the forebrain
and the more caudal neural tube (nN3) (Supplemental Figs. 1B, D).
Not surprisingly, corticofugal axons were unable to exit the telen-
cephalon to enter the vestigial dorsal thalamus, and instead of passing
through an internal capsule, they were redirected medially to form an
ectopic commissure (n=3/3; Supplemental Fig. 1F).
Merged gene expression domains indicate a malformed TDJ in the Shh
mutant forebrain
The telencephalic cortical hemexpressesWnt3a and Lmx1a, and both
the hem and hippocampal primordium express Wnt8b. In Shh nulls,
Wnt3a, Wnt8b, and Lmx1a expression formed a horseshoe-like shape
in the prosencephalon rostral to the point of the third ventricle closure,giving the initial impression that the cortical hem was fused caudoven-
trally with itself (Figs. 2B, F; Rash andGrove, 2007). On closer inspection
of Shh−/−;Gli3+/XtJ mice, which show partial but incomplete rescue of
normal forebrain Wnt3a, Wnt8b, and Lmx1a expression, the horseshoe
shape was revealed as a merger of telencephalic and diencephalic gene
expression domains, representative of the lack of a clear TDJ.
In wildtype mice,Wnt8b is robustly expressed in the diencephalic
basal plate, partially overlapping the ZLI, as well as in the telence-
phalic cortical hem and hippocampal primordium at E10.5 (Fig. 2A;
Supplemental Fig. 2; Grove et al., 1998; Kiecker and Lumsden,
2005; Scholpp et al., 2006; Zeltser, 2005). In Shh null embryos the
telencephalic and ZLI expression domains of Wnt8b were merged
(n=3; Fig. 2B; Supplemental Fig. 2). When one functional copy of
Gli3 was removed in Shh−/−;Gli3+/XtJ mice, the cortical hem and
ZLI Wnt8b expression domains were once more distinguishable, but
still closely adjacent (n=3) (Figs. 2C, D). Wnt3a is normally
expressed in the telencephalic cortical hem and in the diencephalic
roofplate and small bilateral regions near the dorsal tip of the ZLI
(Figs. 2E, I; Supplementary Fig. 2; Braun et al., 2003; Louvi et al.,
2007). In Shh nulls, these Wnt3a expression domains merged to
form the horseshoe shape described above (Figs. 2F, J). Comparing
the expression of Wnt3a in Shh and Shh−/−;Gli3+/XtJ mutant mice
revealed the same merger of telencephalic and diencephalic domains
as seenpreviously forWnt8b in the Shh nullmouse, and the same partial
rescue when one functional copy of Gli3was removed (Figs. 2E–L; Sup-
plementary Fig. 2). At E10.5, in Shh−/−;Gli3+/XtJ embryos, the telence-
phalic cortical hem domain of Wnt3a could be distinguished from the
diencephalic domains, although the latter remained expanded, almost
around the circumference of the diencephalon (nN3; Figs. 2G, H, K, L).
Fig. 5. Appearance of an isthmus-like signaling center in the diencephalon of Shh−/−;
Gli3+/XtJ mutants. In situ hybridization in control embryos (A, B) shows dorsal Wnt3a
(A) and Fgf8 domains (B). Shh−/−;Gli3+/XtJ embryos (C–F) show a complete ring of
Wnt3a (C, E) and an adjacent, near-complete ring of Fgf8 (D, F) expression (arrow-
heads). Images in (E) and (F) are oblique views of the embryos in (C) and (D). In
these mutants, the strongest Fgf8 expression is in the ventral diencephalon. As at the
isthmus, Fgf8 expression is not detected at the diencephalic roof plate. Expression pat-
terns of Wnt1/Wnt3a (green), Shh (red), and Fgf8 (blue) are schematized for wild type
and Shh;Gli3 compound mutant embryos (G). The asterisk in (B) marks non-speciﬁc
background. Tel, telencephalon; mes, mesencephalon; zli, zona limitans intrathala-
mica; mhb, midbrain–hindbrain boundary; is1, isthmus 1; is2, isthmus 2. Scale bar is
450 μm.
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Shh null forebrain holosphere were distinguishable in all genotypes by
differential expression of Foxg1, which in the wildtype mouse brain is a
molecular marker of the telencephalon (Figs. 3A, J; Shimamura and
Rubenstein, 1997). In the control telencephalon, Emx1 and Emx2 expres-
sion roughly colocalizes with Foxg1 expression but also shows dience-
phalic domains (Figs. 3A, D, G). In Shh nulls, Emx1 and Emx2 expression
ﬁlled both the Foxg1-positive, telencephalic portion and the Foxg1-nega-
tive, diencephalic portion of the holosphere (Figs. 3B, E, H, K), reﬂecting
the expansion of the small, discrete domains of Emx gene expression in
the wildtype diencephalon (Figs. 3D, G; arrowheads), and a merger
with telencephalic Emx gene expression domains, a conclusion again sup-
ported by comparing Shh and Shh−/−;Gli3+/XtJmutantmice. As before, di-
encephalic and telencephalic domains of Emx gene expression could be
distinguished in the compound mutants, although diencephalic Emx
gene expression was still expanded (Figs. 3F, I, L, L′; nN3 for both Emx1
and Emx2). In summary, diencephalic and telencephalic expression do-
mains of Wnt3a, Wnt8b, Emx1 and Emx2 all merge in the Shh null
mouse, indicating the lack of a normal TDJ. This merger was revealed by
comparing gene expression patterns in Shh and Shh−/−;Gli3+/XtJ mutant
mice. In the latter, Wnt3a, Wnt8b, Emx1 and Emx2 expression domainsare distinguishable between the telencephalon and diencencephalon
without completely regaining their wildtype restriction. We term this
separation into clear telencephalic and diencephalic domains at least a
partial restoration of the TDJ.
Relationship between Shh and Gli3 in forebrain patterning
In the telencephalon, deletion of one copy of Gli3 in a Shh mutant
substantially rescues dorsoventral patterning (Rallu et al., 2002; Rash
and Grove, 2007). Consistent with this type of epistatic role for Gli3
over Shh in the division of the forebrain into diencephalon and telen-
cephalon, we found that loss of one functional copy of Gli3 separated
the conjoined telencephalic and diencephalic Wnt and Emx gene ex-
pression domains in Shh nulls, partially restoring the TDJ.
Nonetheless in Shh−/−;Gli3+/XtJmutants, diencephalicWnt and Emx
expression domains extended abnormally across the ventral dience-
phalic midline, forming crescents of gene expression linking the two
sides of the diencephalon (Figs. 2C, D, G, H, K, L, and 3 F, I, L, L′). We
also noted that in Shh−/−;Gli3+/XtJ mutants, the eye ﬁeld in the ventral
diencephalon failed to develop bilaterally by E10.5 (see Fig. 6C; white
arrowhead), so that the two eyes subsequently connected across the
midline (Supplementary Fig. 3; arrowheads). These observations ex-
tendﬁndings in thewild type spinal cord,where lateral gene expression
domains of En1, Lhx3, and Pax2 link across the ventral midline of Shh
mutants and continue to be linked in Shh;Gli3 compound mutants
(Litingtung and Chiang, 2000).
Most striking, the loss of patterned gene expression in the thalamus
and prethalamus of the Shhmutant appears to differ from other pheno-
typic features, in that spinal cord patterning, digit number and telence-
phalic morphology are all at least partially rescued by reducing Gli3
(Litingtung and Chiang, 2000; Litingtung et al., 2002; Rallu et al.,
2002; Rash and Grove, 2007). In the wildtype diencephalon, Gbx2 and
Dlx2 mark the developing thalamus and prethalamus, respectively, at
E10.5 (Figs. 4A, B, white arrowheads) (Kiecker and Lumsden, 2004;
Scholpp et al., 2006). Both Gbx2 and Dlx2 expression domains are lost
in the Shh null diencephalon (Kiecker and Lumsden, 2004; Figs. 4C,
D), and after removing one or even both functional copies of Gli3 in
the Shh null we found no evidence of any recovered expression of either
Gbx2 or Dlx2 (nN4/4; Figs. 4E, F). These observations suggest that pat-
terned diencephalic expression of Gbx2 and Dlx2 depends on Shh sig-
naling from the ZLI (Kiecker and Lumsden, 2004), and is not
suppressed solely by Gli3 repressor activity. Fgf15, however, which is
expressed in both thalamus and prethalamus in wildtype mice, is lost
in the Shh null diencephalon, largely because the diencephalon itself ap-
pears vestigial, and restored in both thalamus and prethalamus in the
double Shh;Gli3 null (Supplemental Fig. 4).
Emergence of an isthmus-like source of Fgf8 and Wnt3a in the forebrain
of Shh;Gli3 compound mutants
The isthmus at the midbrain–hindbrain boundary and the ZLI are
signaling centers that direct patterning and morphogenesis of the
neural tube (Ishibashi and McMahon, 2002; Kiecker and Lumsden,
2004, 2005; Martínez, 2001; Sato et al., 2004; Scholpp et al., 2006;
Wurst and Bally-Cuif, 2001). Although the secreted signaling proteins
normally generated by the isthmus and ZLI are different, the centers
display similarities. Both are discrete transverse signaling centers
that partially encircle the neural tube and pattern the brain along
the rostrocaudal axis. Furthermore, their positioning is determined
by transcription factor domains established just after neurulation
(Ishibashi and McMahon, 2002; Kiecker and Lumsden, 2004, 2005;
Kobayashi et al., 2002; Li et al., 2005; Martínez, 2001; Scholpp et al.,
2006; Wurst and Bally-Cuif, 2001). At the isthmus, a transverse
source of Fgf8 and Wnt1 is critical for specifying the midbrain and
cerebellum (Crossley et al., 1996; Martínez, 2001; Sato et al., 2004;
Wurst and Bally-Cuif, 2001). The ZLI does not normally express Fgf8,
Fig. 6. Appearance of a diencephalic ring of Fgf8 expression in Shh;Gli3 compound mutant embryos. In situ hybridization for Fgf8 at E10.5 in wildtype (A, F), Gli3XtJ/XtJ (B, G), Shh null
(C, H), Shh−/−;Gli3+/XtJ (D, I), and Shh;Gli3 double null (E, J) mutants. A–E are lateral views; F–J are dorsal views of the same embryos. (K–O) Schematics of Shh and Fgf8 expression
represent the data shown in (A–J). (A–J) In a wildtype embryo, diencephalic expression is limited to the roof plate region (arrowheads in A, F) and ﬂoor plate (arrows in A and F). In
a Gli3XtJ/XtJ embryo, the roof plate domain expands, extending toward the ZLI (arrowheads in B, G). In a Shh null mouse, no forebrain Fgf8 expression was detected except in the
cyclopic eye primordium (white arrowhead in C), also visible in (H). However in both Shh−/−;Gli3+/XtJ and Shh;Gli3 double null embryos a nearly complete ring of Fgf8 encircles
the diencephalon (arrowheads in D, I and E, J). Tel, telencephalon; hs, holosphere; di(rf), diencephalon (roof plate); di(ﬂ), diencephalon (ﬂoor plate); zli, zona limitans intratha-
lamica; mhb, midbrain–hindbrain boundary. Scale bar is 1.2 mm in A–E; 700 μm in F–J.
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ing (Ishibashi and McMahon, 2002; Kiecker and Lumsden, 2004, 2005).
Remarkably, in Shh;Gli3 compound mutants at E9.5–10.5, com-
plete rings of Fgf8 and Wnt3a were evident around the diencepha-
lon (nN9; Fig. 5). Wnt3a and Wnt1 both initiate the canonical,
β-catenin-mediated Wnt signaling pathway and have similar effects
on neural tube patterning and growth (Alvarez-Medina et al., 2008;
Megason and McMahon, 2002). Thus, ectopic adjacent rings of Fgf8
and Wnt3a expression in the Shh;Gli3 mutant diencephalon (Fig. 5)
strongly resemble Fgf8 and Wnt1 expression at the isthmus. Fur-
thermore, these diencephalic rings of Fgf8 and Wnt3a appear only
in brains deﬁcient in both Shh and Gli3.
In wildtype brains at E10.5, Fgf8 is expressed in the dorsal and
ventral diencephalic midlines, near the ZLI (Figs. 6A, F, K). Dorsally,
the Fgf8 domain extends ﬁnger-like projections ventrally toward the
Shh domain in the ZLI. These ﬁnger-like extensions of Fgf8 expression
expanded in Gli3 mutants, but did not encircle the diencephalon
(Figs. 6B, G, L). In Shh nulls, no diencephalic Fgf8 could be detected
(Figs. 6C, H, M). In striking contrast, in Shh−/−;Gli3+/XtJ and Shh;Gli3
double null embryos two discrete rings of Fgf8 expression encircled
the neural tube, one in the diencephalon, and the other at the isthmus
(Figs. 6D, E, I, J, N, N′, O). The diencephalic ring appeared to be located
at the normal site of the ZLI, which ismarked not only by a discrete band
of Shh expression in wild type and Gli3 mutant embryos (Figs. 7A–D),
but also morphologically by an inﬂection of the neural tube visible in
tissue sections (white arrowhead in Figs. 7D, F). Shh;Gli3 double nulls
showed a similarly positioned inﬂection, now expressing Fgf8 rather
than Shh (Figs. 7E, F). Potentially, the new Fgf8 ring could be generated
by a merger of wild type dorsal and ventral Fgf8 domains (Figs. 6A, F;
arrow and arrowhead), but given that in a Shh null background ventral
midline structures are typically lost and dorsal gene expression do-
mains expanded, we suggest that the dorsal Fgf8 domain expands
around the diencephalon to create the ring.Morphogenetic and gene expression changes in the diencephalon of Shh;
Gli3 mutants
We hypothesized that the new Wnt/Fgf signaling source revealed
in Shh;Gli3 compound mutants inﬂuences the development of the di-
encephalic vesicle. Consistent with this possibility, the diencephalon
in Shh;Gli3 double null embryos was substantially larger at E10.5
than in Gli3mutants (n=4/4) (Fig. 8). We next investigated whether
the Fgf8/Wnt3a rings respeciﬁed diencephalic tissue to an isthmic or
midbrain/hindbrain-like identity in Shh−/−;Gli3+/XtJ embryos. Spry1,
a downstream target of Fgf8, was upregulated in the Shh−/−;Gli3+/XtJ
diencephalon compared with controls and Shh nulls (Supplemental
Figs. 5A, D, G), indicating that the ectopic ring of Fgf8 is successful
in activating the Fgf signaling pathway. Although Wnt1 was not
detected in this abnormal ZLI in compound mutants at E10.5 (data
not shown), likely because of the continued presence of Emx2 (Ligon
et al., 2003),Wnt3a showed robust expression. However,we did not ob-
serve diencephalic En1/2 gene expression, which is characteristic of the
isthmus and activated by canonical Wnt signaling (McMahon et al.,
1992), at E10.5–11.5 in Shh nulls and Shh−/−;Gli3+/XtJ mutants (n=4;
Supplemental Figs. 5B, C, E, F, H, I). Nor was diencephalic En1/2 expres-
sion activated in Shh;Gli3 double nulls (Supplemental Figs. 5J, K; arrow-
heads), indicating that Gli3 gene dosage is not important. En1/2 was
expressed at the isthmus itself in each genotype (Supplemental Figs.
5B, C, E, F, H, I, J, K).
Discussion
Our analysis of Shh and compound Shh;Gli3mutants revealed inter-
actions between Shh and Gli3 that underlie both normal diencephalic
development as well as Shh-associated HPE in mice. Speciﬁcally, Shh is
required for the third ventricle formation and for production of an ade-
quate TDJ to separate the telencephalon and diencephalon. These
Fig. 7. Identiﬁcation of the ZLI as the site of the ectopic isthmus-like signaling source.
E10.5 wild type (A–B), Gli3XtJ/XtJ (C–D) and Shh;Gli3 double null (E–F) embryos pro-
cessed for in situ hybridization for Shh (A–D) or Fgf8 (E–F). The embryos shown in A,
C, and E were sectioned perpendicular to the ZLI at the position shown (black line) at
40 μm, and sections are shown on the right (B, D, F). Note that panel E is the same as
Fig. 6E. In control embryos Shh expression appears near a morphological inﬂection in
the interior wall of the third ventricle (3v) (B; arrowhead). In Gli3XtJ/XtJ and Shh;Gli3
double null embryos, this morphological feature remains (D, F; white arrowheads).
In Gli3XtJ/XtJ embryos, Shh expression marks the ZLI (D; black arrowhead) as in wild
type, but in Shh;Gli3 double nulls, a diencephalic Fgf8-expressing ring takes its place
(F; black arrowhead). Scale bar is 1.2 mm in A, C, and E; 200 μm in B, D, and G.
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Gli3 from Shh mutants partially rescues the TDJ. In contrast, Shh may
function independently of Gli3 to maintain characteristic gene expres-
sion patterns in the thalamus and prethalamus. That is, removal of a
copy of Gli3 fails to rescue diencephalic Dlx2- and Gbx2-positive terri-
tories in the Shh mutant. Strikingly, both Gli3 and Shh are required to
suppress the emergence of an Fgf/Wnt source at the ZLI that resembles
the isthmus. Theseﬁndings clarify the interplay between Shh andGli3 in
diencephalic development. Moreover, they demonstrate a capacity for
an isthmus-like signaling source to develop in the ZLI region that
must be actively suppressed in normal brain development.Fig. 8. Increased diencephalic size in Shh;Gli3 double nulls. Frontal views of Shh+/−;
Gli3XtJ/XtJ (A) and Shh;Gli3 double null (B) embryos at E10.5. Double nulls (n=4) con-
sistently showed larger relative diencephalic size compared with littermate Gli3 nulls
or Gli3 nulls lacking one copy of Shh. Tel, telencephalon; di, diencephalon. Scale bar is
700 μm.Formation of the holosphere in HPE
Wepropose amodelwhereby the holosphere inHPE arises as a result
of three types of failure in neural tube development. In the Shh null
mouse, which shows severe HPE, the rostral and ventral telencephalic
midlines fail to develop, despite little initial change in dorsalmidline for-
mation (Chiang et al., 1996; Fernandes and Hebert, 2008; Muenke and
Beachy, 2000; Rash and Grove, 2007). Second, the ventricular system is
closed at the level of the diencephalon, apparently just caudal to the
ZLI. Third, the TDJ fails to form normally, reﬂected by the merging of
gene expression domains characteristic of the telencephalon and dien-
cephalon. A single forebrain ‘holosphere’ formswith littlemorphological
distinction between its telencephalic and diencephalic portions. A dien-
cephalic remnant can be identiﬁedwithin the Shh null holosphere, how-
ever, by the absence of Foxg1 expression, providing a potential
framework for understanding the severe deep gray nuclear defects of
the thalamus in human HPE. For example, the appearance of bilaterally
conjoined domains of Wnt3a (and Emx1) across the Foxg1-negative di-
encephalic midline in Shh nulls provides a plausible correlate to the ob-
servation of conjoined thalamic nuclei in human HPE, particularly
considering that many neurons in the wildtype thalamus are derived
from diencephalicWnt3a-expressing progenitors (Louvi et al., 2007).
Capacity of the diencephalon to generate an isthmus-like signaling center
An important function of Shh and Gli3 in forebrain development ap-
pears to be the suppression of an isthmus-like organizer in the dien-
cephalon. This process, which could only be discovered when both
genes were deleted, reveals a striking degree of covert similarity be-
tween the ZLI and the isthmus. Not only is the ZLI a narrow, transverse
signaling source partially encircling the neural tube, like the isthmus, it
is also capable of expressing a canonical Wnt gene (Wnt3a, but not
Wnt1) and Fgf8 in a double ring-like pattern. Both Shh andGli3 are capa-
ble of repressing this diencephalic isthmus-like center in the absence of
the other, given that this hidden signaling center is not seen in either
single mutant. Upregulation of Fgf8 expression by loss of Gli3 function,
independent of the status of Shh, has been characterized previously in
the telencephalon and more generally in embryonic development
(Aoto et al., 2002; Grove et al., 1998; Rash and Grove, 2007; Theil
et al., 1999). Of particular interest, however, mice deﬁcient in Shh and
Gli3 do not simply show ectopic patches of upregulated Fgf8 and
Wnt3a in the diencephalon, butwell-formed rings of Fgf8 andWnt3a ex-
pression. Further, these rings do not mimic the shape of the Shh expres-
sion domain in the normal ZLI. Rather, the forebrain appears to have a
covert ability to generate ring patterns of Fgf8 and Wnt3a expression
at the level of the ZLI, an ability that is actively suppressed in normal de-
velopment. This type of prepattern in the neural tube at the level of the
ZLI has not been previously reported.
Altered diencephalic patterning in Shh;Gli3 compound mutants
How does the diencephalon respond to the loss of Shh and the ap-
pearance of Fgf8/Wnt3a rings? Fgf8-containing beads can induce isth-
mic and midbrain/hindbrain fates in the caudal chick diencephalon
(Martinez et al., 1999). We therefore investigated whether the ectopic
Fgf8/Wnt3a ring in Shh;Gli3 compound mutants similarly reprograms
the diencephalon. We found that Spry1 expression was upregulated,
correlating with the appearance of the new ring of Fgf8 (Supplemental
Fig. 5Q), but that neither En1 nor En2 expression is induced, which
would have been more indicative of a true midbrain/hindbrain fate.
Nonetheless, the diencephalon appeared larger in Shh;Gli3 double null
embryos than in either single mutant, perhaps because both Fgf8 and
Wnt3a are mitogens (Lee et al., 2000; Megason and McMahon, 2002;
Storm et al., 2006), and more than compensate for the loss of Shh pro-
liferative activity. Our ﬁndings therefore support active Fgf8 signaling
and increased growth in the diencephalon of double mutants, but not
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The reasons why Fgf8 beads, but not the ectopic ring of Fgf8 we ob-
served, should induce a fate change, are unclear at this point, but
could be as simple as a difference in levels of Fgf8. Fgf8 beads are likely
to provide a high local concentration of Fgf8, which may be required to
transform diencephalic tissue to a midbrain–hindbrain fate (Martinez
et al., 1999), whereas the level of Fgf8 mRNA expression in the ectopic
forebrain ring is noticeably lower than at the Fgf8 patterning sources
at the isthmus, or in the rostral telencephalon (Fig. 5F).
Our observations speciﬁcally indicate that the region of the ZLI
has a versatile signaling capability. Normally the ZLI is marked by a
fork-shaped domain of Shh expression, but in the absence of Shh
and Gli3 function, rings of Fgf8 and Wnt3a expression surround the
neural tube instead. Thus, perturbing genetic regulatory mechanisms
responsible for a normal signaling center may result in the develop-
ment of an entirely different but equally organized signaling source.
An important process in vertebrate brain development, hitherto
unappreciated, may be the suppression of such covert signaling cen-
ters. Together, our ﬁndings provide novel insights into the mecha-
nisms of Shh and Gli3 function in forebrain development and disease.
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